Purpose: To evaluate whether mediopatellar plica and knee morphometric measurements obtained from magnetic resonance imaging (MRI) studies are associated with isolated medial patellofemoral osteoarthritis in young adults. Methods: MRI studies from 60 patients with isolated medial patellofemoral osteoarthritis and 90 control patients with normal knee MRI studies were reviewed. The presence of mediopatellar plica, the presence of edema in the superolateral aspect of Hoffa's fat pad and suprapatellar fat pad, quadriceps and patellar tendinosis, and axial and sagittal alignment of the patellar and trochlear morphology were assessed using MRI. The relationship between mediopatellar plica, alignment, or morphology and the presence of isolated medial patellofemoral osteoarthritis was evaluated using logistic regression. Results: Superolateral Hoffa's fat pad edema (odds ratio [OR] ¼ 3.4, P ¼ .009) and decreased trochlear sulcal angle (OR ¼ 0.95, P ¼ .045) were associated with increased odds of isolated medial patellofemoral osteoarthritis. Decreased lateral patellar tilt (OR ¼ 0.93, P ¼ .087) and patellar tendinosis (OR ¼ 4.13, P ¼ .103) trended toward being associated with increased odds of isolated medial patellofemoral osteoarthritis but were not statistically significant. No significant association was seen between the presence of mediopatellar plica and medial patellofemoral osteoarthritis (OR ¼ 0.95, P ¼ .353). Conclusions: Medial patellofemoral osteoarthritis is associated with trochlear morphology and patellar alignment but not with mediopatellar plica. R esum e Objet : D eterminer si les mesures morphom etriques du repli synovial interne et du genou obtenues par imagerie par r esonance magn etique (IRM) peuventêtre associ ees a l'arthrose f emoro-patellaire m ediale isol ee chez les jeunes adultes. M ethodes : Les examens d'IRM r ealis es chez 60 patients pr esentant une arthrose f emoro-patellaire m ediale isol ee et chez 90 patients faisant partie d'un groupe t emoin et dont les r esultats d'IRM etaient normaux ont et e analys es. La pr esence d'un repli synovial interne, d'oed eme a la face sup ero-externe du coussinet adipeux de Hoffa et du coussinet adipeux suprarotulien, et d'une tendinose aux tendons quadricipital et rotulien a et e evalu ee par IRM, de même que l'alignement de la rotule dans les plans axial et sagittal et la morphologie de la trochl ee. Une r egression logistique a permis d' evaluer la corr elation entre le repli synovial interne, l'alignement ou les caract eristiques morphologiques et la pr esence d'arthrose f emoro-patellaire m ediale isol ee.
Osteoarthritis (OA) of the knee is a common disease that contributes to worldwide disability and increases in prevalence with age [1] . OA is multifactorial with genetic factors and environmental or post-traumatic etiologies [1e3] . OA follows a predictable progressive coursedit starts as cartilage fissuring and progresses to full thickness cartilage loss with bone marrow lesions [4] . Fractures of the proximal tibia [5, 6] , distal femur [6] , and patella [6] ; meniscal tears [7] ; anterior cruciate [8] and posterior cruciate ligament injuries [9] ; and medial collateral ligament injuries [10] are associated with development of knee OA. The cumulative prevalence of these injuries increases with age [1] . Recent data from a longitudinal cohort study showed that most knee OA starts in the patellofemoral compartment and progresses to involve the tibiofemoral component [11] . Therefore, identification of factors that are associated with development of the first cartilage fissuring in the sequence of developing patellofemoral osteoarthritis is important.
Synovial plicae are thin folds of synovial tissue of the knee that are remnants of synovial membranes from embryologic development of the knee [12] . The infrapatellar plica (ligamentum mucosum), suprapatellar plica, and the mediopatellar plica are the most commonly encountered plica of the knee [13, 14] . The mediopatellar plica is thought to be the most clinically relevant plica and has been hypothesized to cause synovitis, inflammatory change, and patellofemoral osteoarthritis [15, 16] . Sakakibara classified the mediopatellar plicae into four types, A-D in ascending order of size [17] . Types C and D are thought to be the most likely to be symptomatic [12, 15, 16] .
Magnetic resonance imaging (MRI) is increasingly used for evaluation of knee OA and is more sensitive and accurate for detecting early OA than radiographs [18] . MRI is also very reliable and accurate in assessing grade 2A, 2B, 3A, and 3B modified Noyes cartilage lesions in comparison to arthroscopy, the gold standard [18] . MRI allows us the unique ability to quantitatively assess in vivo the presence of mediopatellar plica, the morphology of the patella and trochlea, and the alignment of the patella while evaluating cartilage lesions, which would be undetectable by radiography. MRI has been shown to be 93.1% sensitive and 81.8% specific for detecting mediopatellar plicae [19] .
There are several published papers investigating the relationship between patellar and trochlear morphology and patellar alignment and the relationship to patellofemoral osteoarthritis [20e28], but to our knowledge none of these have evaluated the association between patellar and trochlear morphology and isolated MPFO. In addition, most of these studies evaluated older subjects (aged >47 years of age) [20e26], who by virtue of their age are more likely to have associated abnormalities of the menisci and ligaments [1,5e10] . Only 2 studies have examined a relationship between knee morphology and OA in young adults, but these focused on isolated lateral and central lesions, respectively [27, 28] . We hypothesized that with isolated MPFO, a higher proportion of patients would have mediopatellar plica, the patellae would be more superiorly positioned and be more laterally displaced and tilted, and the trochlea would be shallower (larger angle) than control patients.
The purpose of this study was to assess whether mediopatellar plicae, common morphometric measurements of patellar and trochlear morphology, and patellar alignment obtained from MRI are associated with isolated medial patellofemoral osteoarthritis (MPFO) in young adults.
Material and Methods

Participants
An electronic medical chart review identified 150 patients (60 patients with isolated MPFO and 90 control patients). These patients had MRI studies of the knees performed at our institution between January 1, 2006 and December 31, 2016. Patients were between 18 and 35 years old at the time of their MRI study. Inclusion criteria for case patients included modified Noyes grade 2A or higher and isolated MPFO (either involving the medial facet of the patella, the medial facet of the trochlea, or both). Participants with any factor known to be associated with development of knee osteoarthritis were excluded. These exclusion criteria included prior surgery or arthroscopy of the knee; prior fractures of the distal femur, proximal tibia, proximal fibula, or patella; bone contusions; prior anterior cruciate ligament (ACL), posterior cruciate ligament (PCL), medial collateral ligament, or lateral collateral ligament complex tears; tears of the medial or lateral patellar retinacula; tears of the medial or lateral patellofemoral ligaments; tears of the quadriceps or patella tendons; Morel-Lavallee lesions; moderate or large knee joint effusions; meniscal tears; or cartilage loss in the medial or lateral tibiofemoral compartments. Control patients were drawn from the same population and were imaged within the same time interval but had normal knee MRIs as determined by a musculoskeletal radiologist. Age, sex, height, weight, body mass index (BMI), history of prior surgery, and history of prior trauma were obtained as part of the routine screening MRI form at the time of the MRI, and these demographic variables were used in the analysis.
The study was approved by the local Institutional Review Board (IRB).
Magnetic Resonance Imaging
Patients were imaged using either 1.5T General Electric (GE) Signa HDxt or Optima or 3T GE Discovery MR750w MRI systems (General Electric Healthcare, Milwaukee, WI) using a phased array knee coil. Axial T2-weighted sequences with fat saturation (repetition time (TR) ¼ 3000e6000 ms, echo time (TE) ¼ 75e120 ms, slice thickness 3 mm, interslice gap 0.3 mm, acquisition matrix 320 Â 224) or axial proton-density weighted sequences with fat saturation (TR > 2000 ms, TE ¼ 25e40 ms, slice thickness 3 mm, interslice gap 0.3 mm, acquisition matrix 320 Â 224); sagittal T2-weighted sequences with fat saturation (TR ¼ 3000e6000 ms, TE ¼ 75e120 ms, slice thickness 3 mm, interslice gap 0.3 mm, acquisition matrix 320x 224) or sagittal proton density-weighted sequences with fat saturation (TR > 2000 ms, TE ¼ 25e52 ms, slice thickness 3 mm, interslice gap 0.3 mm, acquisition matrix 320 Â 224); and coronal proton density-weighted sequences with fat saturation (TE ¼ 25e52 ms; TR > 2000 ms; slice thickness 3 mm, slice thickness 0.3 mm, acquisition matrix 320 Â 224) were used to identify knee plica and to obtain knee morphometric and patellar alignment measurements.
Cartilage Grading
Patellar and trochlear cartilage lesions were each graded using the modified Noyes classification system: grade 0dintact cartilage surface (for controls); grade 2Adcartilage defect involves less than half of articular cartilage thickness; grade 2Bdcartilage defect involves greater than half but less than full thickness of cartilage; grade 3Adexposed bone with normal bone contour; grade 3Bdexposed bone with cavitation or erosion [18] (Figure 1 ). Advanced lesions were defined as modified Noyes grades 2B, 3A, and 3C. Measurements were assessed by a musculoskeletal radiologist with 4 years of experience.
Presence or Absence of Mediopatellar Plica
Axial fluid-sensitive sequences were used to identify mediopatellar plica. The mediopatellar plica runs from the medial wall of the knee joint and extends obliquely inferiorly and inserts into the synovium covering the infrapatellar fat pad. The plica was identified as a distinct thin cordlike T1 and T2 hypointense line between the medial patellofemoral ligament or medial retinaculum and the medial trochlea or medial facet of the patella [12] . Mediopatellar plica were categorized using the Sakakibara classification method [17] ( Figure 2 ).
Assessment of Patellar and Trochlear Morphology and Patellar Alignment
Edema in the superolateral aspect of Hoffa's fat pad [29] and edema in the suprapatellar or quadriceps fat pad [30] were recorded. The presence of patellar or quadriceps tendinosis were noted. Previously published methods for obtaining quantitative measurements of patellar and trochlear morphology and patellar alignment were used. Patella tilt is the angle between the line connecting the osseous posterior medial and lateral femoral condyles and a line connecting the most medial to most lateral anterior patellar osseous margins [31] (Figure 3 ). Patella tilt was measured in the axial plane at the level of the midpatellar cartilage [31] . The lateral patellofemoral angle is the angle between the line drawn along the lateral patellar facet and the line drawn connecting the most anterior aspects of the medial to and lateral femoral condyles [25, 32] (Figure 4 ). The ratio of the lengths of the medial to lateral trochlear facets were measured along the osseous surface at the level of the ACL femoral insertion on axial images [33, 34] . The trochlear sulcal angle was measured on axial images at the level of the ACL femoral insertion along the osseous surface [33] . Trochlear cartilage overlap with patellar cartilage was measured on sagittal images by calculating the ratio of the distance between the most superior point of the trochlear cartilage and the most inferior point of the patellar cartilage to the distance from the most superior point of patellar cartilage and the most inferior point of patellar cartilage [33] ( Figure 5 ). The tibialtuberosity to trochlear-groove distance distance was calculated using a previously described method [35] . Insall-Salvati ratio was calculated as the ratio of the patellar tendon length to the patella length on sagittal images and was used as a measure of patella alta [36] (Figure 6 ). 
Statistical Analyses
The number and percentage (%) for qualitative demographic variables and the median and interquartile ranges for quantitative demographic variables were calculated. Morphometric measurements were compared between patients with isolated MPFO and control patients using t tests with unequal variances for quantitative variables and using Fisher's exact tests for qualitative variables.
Associations With Isolated MPFO
Multivariable associations between MPFO were assessed using multivariable logistic regression adjusting for weight (because this variable was more significantly different between patients and control subjects than BMI) and sex (because sex differences have been hypothesized in the literature) [37e41]. The analysis was then restricted to the 49 patients with advanced isolated MPFO (modified Noyes grades 2B, 3A, and 3B). Multivariable logistic regression adjusting for age and sex was performed to assess whether the results changed when evaluating patients with any MPFO compared with those with advanced MPFO.
Statistics were calculated using Rv3.2 (https://www.rproject.org/). The P values presented are from two-sided test statistics and P values < .05 were considered statistically significant.
Results
We identified 60 patients (49 with advanced isolated MPFO) and 90 control patients. MPFO patients were on average younger than control subjects, however this association was not significant (P ¼ .219) ( Table 1) . MPFO patients had statistically significantly higher mean weights than control patients (P ¼ .014). Mean BMI was also higher in patients with MPFO than control patients (P ¼ .045) ( Table 1) .
Association With MPFO
In the univariate analysis (Table 2) , we found no association between mediopatellar plica and isolated MPFO (P ¼ .489). Edema at the superolateral aspect of Hoffa's fat pad (P ¼ .008) and patellar tendinosis (P ¼ .007) were associated with increased odds of isolated MPFO in the univariate analysis. Patients with isolated MPFO had shallower trochlea (P ¼ .12), less laterally tilted patellae (P ¼ .061), and less trochlear cartilage overlap with the patella (P ¼ .053); however, these associations were not statistically significant ( Table 2) .
Multivariable logistic regression adjusting for sex and weight comparing patients with MPFO to control patients showed that edema in the superolateral aspect of Hoffa's fat pad (OR ¼ 3.36, P ¼ .009) and a shallower trochlear angle (OR ¼ 0.95, P ¼ .045) were associated with MPFO ( Table 3 ). Patellar tendinosis (OR ¼ 4.13, P ¼ .103) and decreased lateral patellar tilt (OR ¼ 0.93, P ¼ .087) trended toward an association with isolated MPFO; however, these associations were not statistically significant.
When the analysis was restricted to patients with advanced MPFO, we found very similar results. Edema in the superolateral aspect of Hoffa's fat pad (OR ¼ 3.73, P ¼ .007) was strongly associated with advanced MPFO. Patellar tendinosis (OR ¼ 5.17, P ¼ .059) trended toward an association with advanced isolated MPFO more so than in the analysis evaluating all patients with MFPO; however, it was not statistically significant. The trochlear angle was not associated with advanced isolated MPFO; however, this may be related to the smaller sample size used resulting in decreased power to detect any association. The odds ratios were similar when comparing the analyses that included all patients with MPFO to the analyses restricted to patients with advanced MPFO, and the odds ratios did not cross one for all analyses, which suggests that the directions of the associations were consistent.
Discussion
The results of the analysis show that isolated MPFO is associated with trochlear morphology and edema at the superolateral aspect of Hoffa's fat pad. Patellar tendinosis was also strongly associated with isolated MPFO. A shallower trochlea was associated with isolated MPFO. No association was found between the presence of mediopatellar plica and isolated MPFO.
We hypothesize that the edema in Hoffa's fat pad may represent patellar maltracking along a superomedial to inferolateral axis. Subsequent development of osteoarthritis in the patellofemoral compartment may depend on the tilt of the patella and the angulation of the trochlea, with more laterally tilted patella and shallower trochlea (angle closer to 180 degrees) predisposing to lateral patellofemoral osteoarthritis, and conversely, more medially tilted patella and more angulated trochlea predisposing to isolated MPFO. The patellar tendon is an integral stabilizer of the patella, and we hypothesize that patellar tendinosis may result in biomechanical insufficiency of the tendon, subsequently resulting in abnormal motion of the patella and predisposition to development of osteoarthritis. Although the patellofemoral compartment is nonweight bearing, weight and BMI were strongly associated with increased odds of isolated MPFO. This suggests that the biomechanical stress of increased body weight has the potential to affect even noneweight-bearing joints. The mediopatellar plica of the knee proximally attaches to the genu articularis muscle and distally attaches to the medial patellotibial ligament. Sakakibara types C and D mediopatellar plica have been thought to contribute to the development of MPFO, however we did not find any such association. We found that the majority of study participants (patients and control patients) had a medial synovial fold distinct from the medial patellofemoral ligament or medial retinaculum corresponding to the mediopatellar plica. However, none of the study participants had a thickened plica. Gurbuz et al noted that 95% of the arthroscopically investigated knees (302 of 318) had a mediopatellar plica [42] . We hypothesize that the plica has to be thickened before it becomes clinically significant, and although mediopatellar plicae were identified, these were not clinically relevant plicae.
To our knowledge, no prior studies have explicitly studied isolated MPFO in young adults. A prior smaller study published by Ali et al showed that trochlear sulcal angle differed between subjects with several cartilage defects in the patellofemoral compartment and controls [43] , which is similar to our own results. Tsavalas et al in their study also found an association between the trochlear angle and patellofemoral compartment osteoarthritis [21] ; however, in that analysis, they did not specifically evaluate subjects with isolated MPFO, but again, their results are similar to our own. Sebro et al found that patellar tendinosis was correlated with isolated lateral patellofemoral osteoarthrosis and that edema in the superolateral aspect of Hoffa's fat pad was associated with both isolated lateral and isolated central lesions in young adults [27, 28] . Interestingly, although patella alta was reported to be significantly correlated with isolated lateral and isolated central lesions, no significant Bolded P values are statistically significant. IQR ¼ interquartile range; TT-TG ¼ tibial tuberosity to trochlear groove distance. relationship was found between patella alta and isolated medial lesions in our study [27, 28] . Other published studies have shown that the trochlear sulcal angle is associated with lateral patellofemoral osteoarthritis [25, 27] . This likely explains the findings by Tsavalas et al [21] , Macri et al [26] , and Ali et al [43] . Patellar tendinosis and edema at the superolateral aspect of Hoffa's fat pad are both findings noted in the literature to be seen in association with patellofemoral osteoarthritis [29, 35] , which supports our findings. Increased lateral patellar tilt has been associated with increased odds of lateral patellofemoral compartment osteoarthritis [25] ; however, in our study we noted that this was borderline associated with decreased odds of medial patellar osteoarthritis.
There are a few limitations to our study. First, the study was a retrospective study and therefore subject to ascertainment bias. Second, patellofemoral osteoarthritis was not confirmed arthroscopically. MRIs were all obtained using standard supine noneweight-bearing positioning with the knee in extension; however, in extension, the patella is less engaged with the trochlea, which limits the assessment of the congruence of the patellofemoral joint. We used rigorous criteria to exclude subjects with pre-existing conditions or injuries that could potentially affect the development and location of osteoarthritis in the patellofemoral compartment, which resulted in a smaller sample size and decreased power to detect small associations. Finally, the study is a cross-sectional study, and although we have shown associations between morphologic and alignment measurements and MPFO, a longitudinal study would be required to prove causation.
In summary, we have shown that isolated MPFO in young adults appears to be at least in part associated with edema at the superolateral aspect of Hoffa's fat pad, patellar tendinosis, and trochlear sulcal angle. Radiologists should report edema in the superolateral aspect of Hoffa's fat pad because of its association with osteoarthritis in the patellofemoral compartment.
